Abstract-Cooperative networking schemes provide spatial diversity gain (named cooperative diversity gain) using the antennas of spatially distributed users to form a multi antenna transmit situation. A variety of algorithms for orthogonal frequency division multiplexing (OFDM) networks have been developed to achieve cooperative diversity gain. OFDM signals, however, have a problem with a high peak-to-average power ratio (PAPR) leading to lower power efficiency, which may significantly increase the user power consumption. In this paper, instead of conventional OFDM, we present the performance of cooperative network based on OFDM combined with time division multiplexing (OFDM/TDM) using minimum mean square error frequency-domain equalization (MMSE-FDE) in a frequencyselective fading channel. To fully exploit the channel frequencyselectivity and achieve a larger frequency diversity gain the equalization weights required for OFDM/TDM signaling based on MMSE criteria are derived.
I. INTRODUCTION
The future wireless networks are envisaged to offer broadband data services. To meet such demands in a limited available bandwidth, multi-antenna techniques are good candidates [1] . However, their application often encounters practical implementation problem if a large number of antennas is to be deployed. In order to overcome this problem, a new mode of transmit diversity, called cooperative diversity, was proposed based on user cooperation [2] - [4] , where the antennas of the sender and the partners together form a multiple transmit antenna situation. A variety of algorithms have been developed to obtain cooperative diversity gain; such as repetition coding [5] , distributed space-time and space-frequency block coding [6] - [9] and conventional channel coding integrated into cooperation [10] . Most of the work in this area preclude the power requirement of multicarrier signaling due to high peakto-average power ratio (PAPR).
Orthogonal frequency division multiplexing (OFDM) [11] technology has been adopted in many wireless network standards to cope with the channel frequency-selectivity. The undesirable feature of OFDM, however, is its large PAPR that renders the OFDM particularly sensitive to nonlinear distortions (e.g., high-power amplifier (HPA)) leading to a lower power efficiency. OFDM combined with time division multiplexing [12] (in this paper called OFDM/TDM) can be used to solve the PAPR problem to some extent [13] . In OFDM/TDM design, the inverse fast Fourier transform (IFFT) time window (i.e., OFDM/TDM frame) of conventional OFDM is divided into K slots. Within each slot an OFDM signal with reduced number of subcarriers is transmitted without the guard interval (GI) insertion. Unlike the conventional OFDM, only one GI is inserted in each frame and frequency domain equalization is used to exploit the channel frequencyselectivity.
In this paper, we present the performance of cooperative relay network based on OFDM/TDM using minimum mean square error frequency domain equalization (MMSE-FDE) [13] in a frequency-selective fading channel. To fully exploit the channel frequency-selectivity and achieve a larger frequency diversity gain the equalization weights required for OFDM/TDM signaling based on MMSE criteria are derived. Unlike cooperative relay network based on conventional OFDM, the use of OFDM/TDM achieves a better quality of service (i.e., a lower bit error rate (BER)) with a higher transmit power efficiency.
The remainder of this paper is organized as follows. Section II presents the system model. We derive the required equalization weights for OFDM/TDM to achieve improved performance in Sect. III. In Sect. IV, computer simulation results and discussions are presented. Section V concludes the paper.
II. SYSTEM MODEL OVERVIEW
We assume that source terminal have a direct line-of-sight communication with an access point (henceforth relay) and destination during the first stage, while the destination is out of the source's coverage area during the second stage. Throughout this paper, T c -spaced discrete-time signal representation is user, where T c represents FFT sampling period.
A data-modulated symbol sequence {d(i); i = 0 ∼ N c −1} is chosen from a complex-valued finite constellation such as quadrature phase shift keying (QPSK) modulation. {d(i)} is divided into K subblocks each having N m (=N c /K) datamodulated symbols. The kth subblock {d k (i); i = 0∼ N m −1} is transmitted in the kth slot as shown in Fig. 1, where d k
The OFDM/TDM signal can be expressed using the equivalent low-pass representation as
for t = 0 ∼ N c −1, where P s (= E s /T c N c ) denotes the source transmit power (E s is the data-modulated symbol energy). We note here that OFDM/TDM signal with K = 1 (i.e., N m = N c ) reduces to the conventional OFDM system with N c subcarriers. After insertion of the GI the OFDM/TDM frame signal is transmitted over a wireless channel.
The signal propagates through a wireless channel with a discrete-time channel impulse response h xy (τ ) =
where h l,xy , τ l and δ(·) are the path gain between x and y terminals, the time delay of the lth path and the delta function.
The information is transmitted via two stages as shown in Fig. 2 . The source, transmits the data to the destination, while the relay is listening during the first stage. In the second stage the relay sends the received data after processing to the destination as well, where the two received signals are combined. As proposed in [5] , orthogonal channels are used for two stages using TDM.
Stage I: The OFDM/TDM frame signal transmitted by the source during the first stage is given by Eq. (1). At the destination, an N c -point FFT is applied over entire OFDM/TDM frame to decompose the received signal into N c frequency components represented by
denote the Fourier transforms of the OFDM/TDM signal, the channel gain between source and destination, the inter-slot interference (ISI) and the additive white gaussian noise (AWGN) having power spectral density 2N 0 /T c N c , respectively. The signal received at the relay during the first stage can be represented by
for n = 0 ∼ N c − 1, where I r (n), H sr (n) and N r (n) denote the Fourier transforms of the ISI, the channel gain between source and relay, and the AWGN at the relay, respectively.
d (2) d (1) d (0) d (7) d (6) d (5) d (4) d (11) d (10) d (9) d (8) d (15) d (14) d (13) d (12) Stage II: The relay normalizes the received signal by a factor of E[|R r (n)| 2 ]/P r (so that the average energy is unity) and retransmits the signalR r (n) during the second time slot, where P r = P s is the average transmit power at the relay.
At the destination, N c -point FFT is applied over entire OFDM/TDM frame to decompose the relayed signal into N c frequency components represented by
where the first term denotes the desired signal components. The second and third terms denote the ISI, while the last two terms denote the AWGN with a slightly increased power. Note
III. COMBINING METHOD -MMSEC
In this section we derive the equalization weights that are required for OFDM/TDM transmission to achieve frequency diversity gain. The destination node process its received signal by first appropriately combining the signals from the two stages using one of a variety of combining techniques; in the sequel, we focus on a minimum mean square error combiner (MMSEC) for OFDM/TDM transmission.
Signal combining and MMSE equalization is done over the entire OFDM/TDM frame (see Fig. 1 ) using Eqs. (2) and (4) to combat the channel frequency-selectivity aŝ
where w m (n) is the equalization weight during the mth stage (m = 1, 2). The equalization weights are chosen to minimize the mean square error
at the nth frequency (note that in OFDM/TDM frequency components are used instead of subcarriers in conventional OFDM (K = 1)). Thus, MSE m (n) term during the first and second signaling stage can be expressed as
and
where {z} denotes the real part of the complex number z. From
∂wm(n) = 0 we obtain the equalization weights by
where (·) * denotes the complex conjugate operation. We note here that the reason why factor 2 exists in denominator of Eq. (8) is because the source and the relay transmit with the half of the total available power.
We note here that in the case of conventional OFDM (K = 1) equalization weights based on maximum ratio combining (MRC) will achieve the same performance as the above derived equalization weights since the subcarriers in conventional OFDM (K = 1) experience non-selective fading. Hence, with the equalization based on MMSE criteria only the performance of OFDM/TDM can be improved as presented in the following section.
The time-domain OFDM/TDM signal is recovered by applying N c -point IFFT to {R d (n); n = 0 ∼ N c − 1}. OFDM demodulation is carried out using N m -point FFT to obtain decision variables {d k (i); i = 0 ∼ N m −1} [13] .
IV. SIMULATION RESULTS AND DISCUSSIONS
Computer simulation parameters are summarized in Table I . In our computer simulation we assume an OFDM/TDM frame size of N c = 256 samples with the GI length of N g = 32 samples, single relay (M = 1), and ideal coherent QPSK data modulation/demodulation. The propagation channel is an Lpath block Rayleigh fading channel having uniform power delay profile, where the path gains {h l,xy ; l = 0 ∼ L − 1} remain constant over one OFDM/TDM frame length and vary frame-by-frame. The path gains are zero-mean independent complex variables with E[|h l,xy | 2 ] = 1/L, where all paths in any channel are independent with each other (we assume the same number of paths in each link). Without loss of generality, 
and that the lth path time delay is τ l = lΔ, where Δ (≥ 1) denotes the time delay separation between adjacent paths. The maximum time delay of the channel is less than the GI length (i.e., L < N g ). We assume no knowledge of the channel state information at the transmitters, the perfect channel state information at the destination and perfect synchronization. The assumption on synchronization is most critical since synchronization becomes increasingly challenging in larger networks.
A. BER Performance
The BER performance of OFDM/TDM with and without relaying as a function of the average signal energy per bitto-AWGN power spectrum density ratio (1+N g /N c ) ) with K as a parameter is illustrated in Fig. 3 . The BER performance without relaying [13] is also plotted as a reference under the same transmit power constraint. The figure shows that the BER performance of OFDM/TDM with K = 16 and conventional OFDM (K = 1) with relay assistance improves in comparison with the case without relaying; for for BER=10 −3 , the E b /N 0 gain of about 4 and 7 dB is obtained, respectively. It can be seen further seen from the figure that, for BER=10 −3 , OFDM/TDM using MMSE-FDE when K = 16 achieves the E b /N 0 gain of about 3 dB over the conventional OFDM (K = 1). The E b /N 0 gain further increase for lower BER due to enhanced frequency diversity gain through MMSE-FDE. It should be noted here that the BER performance will further improve for K > 16, while decrease for K < 16 (the performance of OFDM/TDM is bounded between conventional OFDM (K > 1) and SC-FDE (K > N c ) [13] ). The performance with different K is not plotted in Fig. 3 for the sake of clear illustration.
We also need to consider the required peak transmit power because it is an important design parameter of transmit power amplifiers. For conventional OFDM transmission, high PAPR causes signal degradation due to non-linear power amplification and the BER performance degrades. The achievable BER performance of both OFDM/TDM using MMSE-FDE and conventional OFDM as a function of the peak transmit power is illustrated in Fig. 4 . The BER performance without relaying is also plotted as a reference under the same transmit power constraint. We consider the PAPR 10% level, which the PAPR of OFDM/TDM exceeds with a probability of 10% [13] . The required peak power for the average BER= 10 −3 can be 1.E-04
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reduced by about 6 dB in comparison with the conventional OFDM (K = 1) with relaying.
In the following we only consider the performance with cooperative relaying.
B. Impact of Channel Frequency-selectivity
The performance of OFDM/TDM with MMSE-FDE is largely determined by the channel itself (i.e., the channel frequency-selectivity) and thus, in this subsection we investigate the effect of different propagation scenarios. The channel frequency-selectivity is a function of the number of paths L;
1.E-01 as L decreases the channel becomes less frequency-selective and when L = 1 it becomes a frequency-nonselective channel (i.e., single-path channel). Figure 5 (a) illustrates the dependency of BER performance on the average E b /N 0 with L as a parameter. It can be seen from the figure that the BER performance of OFDM/TDM degrades as L decreases. This is because as L decreases the channel becomes less frequency-selective and lower frequency diversity gain is obtained through MMSE-FDE. In the case of L = 1 (i.e., single path channel) the performance of OFDM/TDM and conventional OFDM is the same. Figure   5 (b) illustrates the BER dependency on the peak E b /N 0 (90%) with L as a parameter. It can be seen from the figure that the BER performance of OFDM/TDM for L = 1 (i.e., single path channel) gives better performance in comparison with conventional OFDM due to lower power requirement.
V. CONCLUSION
In this paper, the performance of cooperative network based on OFDM/TDM using MMSE-FDE in a frequency-selective fading channel was presented. Unlike conventional OFDM, to fully exploit the channel frequency-selectivity and achieve a larger frequency diversity gain the equalization weights based on MMSE criteria were derived. It was shown that the use of OFDM/TDM instead of conventional OFDM achieves a better quality of service with a higher transmit power efficiency.
